Explosive spalling of concrete leads to premature failure of concrete structures under fire. Thus it is important to assess explosive spalling risk of concrete. Thermo-hygral process in concrete is believed to be responsible for explosive spalling of concrete. Currently, simple yet reliable models to predict thermo-hygral behaviour are still desirable. In this study, a one-dimensional numerical model is established to predict moisture migration, pore pressure and explosive spalling in concrete exposed to heating. The effectiveness of the model is validated against five sets of experimental data. The experiments covered (a) moisture migration inside normal strength concrete (NSC); (b) pore pressure buildup inside NSC; (c) pore pressure buildup inside high-performance concrete (HPC) containment vessel; (d) pore pressure buildup inside HPC slab; and (e) one-time explosive spalling of concrete. The results predicted by the model match well the experimental results. The model developed provides an effective and economical tool to assess explosive spalling of concrete in addition to experimental methods.
Introduction
Fire-induced spalling is a serious threat to concrete structures. It reduces member cross section, exposes reinforcement to fire directly, consequently leading to premature member failure (Shah and Sharma 2017; Han et al. 2014; Umeki et al. 2016) . This localized failure endangers the integrity of a structural system as a whole and may trigger progressive collapse in the worst-case scenario. Thus it is important to assess spalling risk of concrete and predict the time and location of concrete spalling.
Fire-induced concrete spalling can be classified into three categories based on the spalling mechanism: thermo-hygral spalling, thermo-mechanical spalling, and thermo-chemical spalling . Thermo-hygral spalling, commonly referred to as explosive spalling, is caused by moisture clog and vapour pressure buildup in concrete (Monte et al. 2017; Heo et al. 2011; Ko et al. 2011; Raouffard and Nishiyama 2015; Daungwilailuk et al. 2019) . It often occurs at a material temperature below 320°C (Ju et al. 2017; Kanéma et al. 2011) . Thermo-mechanical spalling is induced by restrained thermal expansion in cover concrete. It often occurs at a material temperature within the range of 430°C to 660°C. Thermo-chemical spalling is due to loss of bond between aggregate and binder, breakdown of calcareous aggregate, and rehydration of lime. It often occurs at or after a material temperature above 700°C (Arioz 2009; Xing et al. 2011; Xiao et al. 2006) . Among the three types of thermal spalling, thermo-hygral spalling, i.e., explosive spalling, occurs much earlier in a fire than the two other types. As a result, explosive spalling poses a greater threat to fire endurance of concrete members than the other two types of spalling (Sideris and Manita 2013) . Therefore, developing a model to predict explosive spalling of concrete under fire is a priority.
A number of numerical models (Gawin et al. 2006; Dwaikat and Kodur 2009; Davie et al. 2012; Bary et al. 2008; Zeiml et al. 2006; Khoury et al. 2002; Qian et al. 2005; Zhao et al. 2017) have been developed to predict moisture transfer, pore pressure build up, and particularly explosive spalling in concrete under fire. They provide a deep insight into complex physical and chemical processes behind explosive spalling phenomenon from different perspectives. However, some of the models require complex material parameters, which are even more challenging to be measured experimentally. Besides, most of previous models were not fully validated, i.e., they were only validated against pore pressure test results but not moisture distribution or explosive spalling test results. Therefore, reliable and yet simple models that can predict moisture migration, pore pressure build up and explosive spalling are still desirable.
This paper presents a simple one-dimensional model (1-D model) for predicting thermo-hygral behaviour and explosive spalling of concrete. This 1-D model is developed based on the work done by Ichikawa and England (2004) . The fundamental differences between the model proposed by them and the current one are summarized below.
In the model by Ichikawa and England (2004) , liquid water is compressible. However, in the proposed spalling model, liquid water is assumed to be incompressible, which indicates the degree of saturation of concrete should not exceed 100% (Gawin et al. 2006) . The permeability and tensile strength of concrete are taken as a function of temperature in the proposed model rather than constant values in Ichikawa and England (2004) . The presented model incorporates the effect of silica fume on proportions of concrete components and the effect of drying on moisture distribution. Water released patterns for chemically-bound water in the two models are also different.
The developed model is validated against five sets of experimental results: (a) moisture migration inside NSC; (b) pore pressure buildup inside NSC; (c) pore pressure buildup inside a HPC containment vessel; (d) pore pressure buildup inside a HPC slab; and (e) onetime explosive spalling of concrete. From the five comparison studies, it is shown that the proposed model can predict with reasonable accuracy the moisture migration, pore pressure development, the first occurrence of spalling time and approximation of spalling location across the 1-D specimens.
The developed 1-D model can be used in a wide range of concrete structures, such as tunnels, cooling towers, walls, slabs and containment vessels, as shown in Fig. 1 . It provides an alternative means to assess explosive spalling risk of concrete under fire in addition to experimental studies. The numerical method is costeffective and time-saving, obviating the need to conduct sophisticated finite element modelling, which requires much more resources and many more input parameters that often cannot be measured experimentally. The proposed model can also be used to customize explosivespalling-free concrete mixes in the preliminary stage of concrete mix design. Future efforts can be devoted to develop a performance-based spalling risk assessment method to be incorporated in the framework of performance-based fire safety design of concrete structures.
Numerical modelling

Discretization of model
A one-dimensional numerical model is established to predict moisture transfer and pore pressure build up across the concrete section under elevated temperature. To achieve this, the concrete section is discretized into a finite number of nodes as shown in Fig. 2 . Total depth of the 1-D concrete section is assumed to be L. The variable x represents the depth of a section from the fireexposed side of concrete, with x=0 representing the fireexposed face and x=L the unexposed face.
Modelling of concrete components
It is worth noting that concrete is a porous material consisting of unhydrated cement, hydrated cement, aggregates, chemically-bound water, gel water, free water and empty pores. The corresponding masses and volumes of aforementioned components in a unit volume of concrete are determined using the formulas given in Appendix I. The model proposed by Ichikawa (2000) applies the method developed by Powers and Brownyard (1946) to calculate the above quantities of concrete components. However, the formulas proposed by the above authors are mainly for cement-based systems. In this study, the formulas are extended to incorporate cement-silica fume blended systems based on the work of the above authors and that of Atlassi (1995) . The model can then be used for predictions of spalling behaviour of HPC.
Governing equations
When concrete is under fire, heat transfer and moisture migration occur inside concrete simultaneously. The 1-D governing heat transfer equation is given by,
where ρ is concrete density, c is specific heat of concrete, λ is thermal conductivity of concrete, T is temperature of concrete and t is time from the start of heating. Moisture transfer within the concrete section is domi- Fig. 2 Discretization of concrete section. Fig. 1 Applications of 1D thermo-hygral model. nated by two flows, viz., diffusion-based flow governed by Fick's law and pressure-induced flow governed by Darcy's law. When concrete is under rapid heating, diffusion-based flow is negligible. The change in moisture content should be equal to the sum of the change in moisture content due to pressure-induced flow and the gain in moisture content due to dehydration of concrete. Based on conservation of mass of water, the moisture transfer equation is given by Ichikawa (2000) as,
where m fw , k, p, ρ fw , η fw , m gw-r and m cw-r represent mass of free water, permeability of concrete, pressure, density, dynamic viscosity of free water, mass of released gel water and mass of released chemically-bound water, respectively. When one face of concrete section is under heating, there are three zones forming across the depth as shown in Fig. 3 , namely, dry zone, wet zone and saturated zone.
When the calculated moisture content at a node exceeds the saturated liquid water content, the excess moisture content is driven to adjacent nodes towards the unexposed side. When the calculated moisture content is negative at a node in the dry zone, the moisture content is redistributed linearly from the node to heat-exposed node based on conservation of mass of moisture content. Linear interpolation is used to determine the moisture content and pore pressure at the location in between two adjacent nodes.
Initial conditions
A uniform temperature (room temperature) distribution is taken as the initial condition of heat transfer analysis.
The initial distribution of free water and gel water is determined considering the effect of environmental conditioning, which is influenced by curing age and environmental relative humidity (RH). The RHs at different times and distances from x=0 are calculated first, using the equation proposed by Parrott (1988) . The initial relative moisture content distribution can then be determined based on the relationship between RH and moisture content proposed by Jiang and Yuan (2013) . Finally, together with the respective mass of free water and gel water determined in Section 2.2, the initial distributions of free water and gel water can be determined. Distribution of chemically-bound water is assumed to be uniform inside concrete. Pore pressure distribution is uniform inside concrete and is set to 0 initially.
Boundary conditions
The boundary condition for heat transfer analysis is as in Eq. (3) for the fire-exposed face, and for the unexposed face, it is as in Eq. (4);
where h f and h e are the respective heat transfer coefficients of the fire-exposed and unexposed faces; ε 0 and ε L are surface emissivities at x=0 and x=L, respectively; T |x=0 and T |x=L are temperatures at x=0 and x=L, respectively; σ is Stefan-Boltzmann constant. The boundary condition for moisture transfer analysis is as in Eqs. (5) and (6) for the fire-exposed face, and for the unexposed face, it is as in Eqs. (7) and (8)
where φ e is the RH of the environment at the unexposed face, ρ g,T is the density of dry saturated water vapour at the temperature of T, V p|x=L is the pore volume at x=L, and p svp,Ta is the saturated vapour pressure at ambient temperature.
Permeability model
When concrete is under rapid heating, moisture inside the section cannot escape within a short time. Permeability of concrete is highly influenced by moisture content of concrete. The initial free water together with released water tends to reduce the permeability of concrete. A decrease in permeability of concrete has been observed between 175°C and 275°C (Klingsch 2014) . The surface cracking of concrete was observed to occur at about 290°C (Lin et al. 1996) . Cracks significantly increase the permeability of concrete (Yildirim et al. 2015) . The critical point of water is about 374°C, at which the phase boundary between liquid water and water vapour terminates. The pressure of water increases with temperature. At 374°C, the pressure of water reaches its maximum limit, about 22 MPa. Development of water vapour pressure in concrete is an important source of concrete damage and permeability increase. Greathead (1986) showed that the permeability of concrete drying at 400°C increased more than 1000 times. It is reasonable to assume that permeability increased 1000 times at 374°C. Above 374°C, the permeability is assumed to be constant. It is acceptable in this simplified spalling model, as the pore pressure in concrete peaks at a lower temperature. Therefore, it will not influence prediction of peak pore pressure and explosive spalling. Furthermore, keeping increasing permeability beyond 374°C tends to induce numerical instability and oscillation. Therefore, the normalized permeability model of concrete as shown in Fig. 4 is adopted for all 5 case studies. The permeability of concrete is constant from room temperature to 290°C for simplification. From 290°C to 374°C, the permeability increases log-linearly to 1000 times of its initial value. From 374°C onwards, the permeability remains constant. Although the permeability still increases beyond 374°C, further increasing permeability has little influence on the pore pressure dissipation. Hence, the assumption is reasonable.
Water-release pattern
There are three forms of water in concrete, i.e. free water, gel water and chemically-bound water. The free water is the water that can move freely inside concrete. Chemically-bound water is the water consumed in the formation of hydration products. Gel water is the water adsorbed onto the surfaces and in the interlayer spaces of layered gel products during the hydration process. Gel water and chemically-bound water are released gradually into concrete pores and become free water as temperature increases as illustrated in Fig. 5 . The release of gel water follows the pattern specified by Ichikawa (2000) , i.e., linear pattern in association with temperature from 20°C to 105°C. The release of gel water is completed at 105°C. The release pattern of chemically-bound water in association with temperature is shown in Fig. 6 with different water-release patterns proposed by different researchers (Bazant and Kaplan 1996 ; Ichikawa 2000; Hilsdorf 1967 ) and experimental data (Tan and Ng 2006) . It can be seen that the proposed water release pattern matches well with the experimental data.
Pressure and dynamic viscosity
The pore pressure in the wet zone and saturated zone is calculated using the equation developed by Saul and Wagner (1987) , while that in the dry zone follows the equation by Saul and Wagner (1989) . The dynamic viscosity of water is calculated using the equation developed by Sengers (1986) .
Explosive spalling criterion
Explosive spalling of concrete under fire is deemed to occur when the pore pressure-induced tensile stress exceeds the corresponding high-temperature tensile strength. The pore pressure-induced tensile stress is determined using the following equation (Ichikawa and England 2004) ,
where β t is the scaling factor, taken as 1 in this model (Zeiml et al. 2006) . In this study, tensile strength of concrete is a function of temperature, and temperature-dependent tensile strength reduction factor in Eurocode 2 (CEN 2004) is adopted.
Flowchart
The simplified flowchart of the thermo-hygral model is shown in Fig. 7 . Firstly, the concrete section is represented by a finite number of nodes as shown in Fig. 2 and time domain is discretized into a finite number of time steps. Given the fire curve and thermal properties of concrete, the temperature profiles of concrete section at different time steps can be determined following Eq.
(1). Subsequently, moisture transfer analysis is conducted. Based on the input of concrete mix design parameters, concrete density, environmental RH and curing time of concrete, the initial distribution of moisture is determined. Given the temperature profile across the section, the amount of released gel water and chemically-bound water can be determined according to Section 2.7. Given the initial pore pressure in Section 2.5, the moisture content is updated using Eq. (2). The pore pressure is updated following Section 2.8. The above steps are repeated for subsequent time steps until the end of heating. After obtaining the pore pressure profiles of concrete section at different time steps, the ten- 
Input concrete mix, concrete density and RH Fig. 7 Simplified flowchart of thermo-hygral model.
sile stress generated by pore pressure is compared with the temperature-dependent tensile strength of concrete. For a given time step, if the tensile stress at a certain location exceeds the tensile strength of concrete at that temperature, explosive spalling is assumed to occur. If, throughout the heating, the tensile stress always remains below the tensile strength, then there is no spalling. Van der Heijden et al. (2012) developed a nuclear magnetic resonance (NMR) set-up to measure the moisture transport in heated NSC. The schematic diagram of the NMR set-up is shown in Fig. 8 . One concrete cylinder specimen (φ80×100 mm) was prepared for the study.
Validation
Moisture migration inside NSC
The specimen was pressed in a PTFE holder so that the moisture transport was one-dimensional. Heat flow was also confined to one dimension by insulating the specimen using mineral wool. One face of the cylindrical sample was heated with a radiative heat flux of approximately 12 kW·m -2 . The moisture profiles of the sample were recorded every 8.5 minutes.
The mix proportion of the concrete used in the experiment is given in Table 1 . Based on the formulation in Appendix I, the volumetric proportions of different components of hydrated concrete are shown in Fig. 9 .
The model parameters are summarized in Table 2 . Based on the concrete age at testing and environmental RH, moisture distribution along the cylinder height is determined (Fig. 10) , which serves as the initial condition of moisture transfer analysis.
Figure 11 compares predicted and measured moisture profiles in the concrete cylinder at different heating times (8.5 min. to 76.5 min. at intervals of 8.5 min.). The predicted results capture important features of moisture migration in the concrete specimen. Moisture in the hot region migrates deep into the cold region because of pressure-induced flow. As a result, the moisture content in the hot region decreases gradually. When the moisture content becomes very small, a dry zone forms. The dry zone increases as heating continues. In the mid- Kalifa et al. (2000) conducted a test to measure pore pressure development inside a NSC slab at high temperature. The experimental set-up is shown in Fig. 12 .
Pressure buildup inside NSC
As shown in the figure, the NSC slab was subjected to 600°C on one face and to 20°C on the opposite face. The four lateral faces of the slab were insulated with ceramic blocks. Pore pressure gages were installed at five locations (10, 20, 30, 40 and 50 mm from heated face) to record the pore pressure time history during heating.
The mix proportion of the concrete used in the experiment is given in Table 3 . Based on the formulation in Appendix I, the volumetric proportions of different components of hydrated concrete are shown in Fig. 13 .
The model input parameters are summarized in Table  4 . Moisture distribution inside the NSC slab is determined as shown in (i) 76.5 min. Fig. 11 Moisture profiles of the concrete cylinder at different times. Fig. 12 The experimental apparatus [after Kalifa et al. (2000) ]. Table 3 Mix proportion of NSC by weight (Kalifa et al. 2000) . Figure 15 compares predicted and measured pore pressure histories at locations 10, 20, 30, 40 and 50 mm away from the heated face of the NSC slab. Both the predicted and measured pore pressures increase to a peak value at first, and then decrease gradually to a negligible value. In the pre-peak stage, the predicted curves match well with measured curves at the five locations. At 10, 20 and 30 mm, the predicted peak pore pressures are slightly lower than the measured results. At 40 and 50 mm, the predicted peak pore pressures are slightly higher than the test results. The time corresponding to predicted peak pore pressures matches well with that corresponding to measured peak pore pressures at the five locations. In the post-peak stage, the predicted peak pore pressures at 10, 20, 30 and 40 mm are greater than the measured counterparts in the beginning, and became lower than the measured counterparts later; the predicted peak pore pressure at 50 mm were greater than the measured pore pressure all the way. This difference is possibly because cracks occurred after 2 hours of heating. The cracks provide additional pathways that vapour can go through to the outside, thus leading to a decrease in pore pressure. The agreement between predicted and measured results is qualitatively good in general.
Pressure buildup inside HPC
(1) Reactor containment under accident condition Shekarchi et al. (2003) conducted a test to study the hygro-thermal behaviour of a HPC inner wall of a nuclear power station under a severe accident condition. A Table 3 . sketch of the experimental apparatus is shown in Fig. 16 . A cylindrical specimen with a thickness of 1.3 m (the same as in the nuclear containment) was used. The specimen was vertically put into place and laterally sealed by resin and wrapped with thermal insulation to ensure 1-D moisture migration and heat transfer. One face of the cylindrical specimen was subjected to the severe accident condition. The accident condition consisted of a linear temperature rise from 20°C to 200°C, and a steam pressure increasing to 13 bars in 24 h. Then the temperature and steam pressure were maintained for another 24 h before cooling.
The mix proportion of the HPC used in the experiment is given in Table 5 . Based on the formulation in Appendix I, the volumetric proportions of different components of hydrated concrete are shown in Fig. 17 .
In order to simulate the experiment of Shekarchi et al. (2003) , the cylindrical specimen is represented by a 1-D model of length L = 1.3 m. The pressure at the hot face follows the saturated vapour pressure curve. The model parameters are summarized in Table 6 . Moisture distribution inside the HPC slab is determined as shown in Fig. 18 . Figure 19 compares measured and predicted pressure distributions in the cylindrical specimen at 24 h and 48 h. The pressure is greatest at the fire-exposed face and decreases with increasing distance x from that face. At the far end, the pressure is negligible. The predicted results simulate the test results reasonably well. Table 5 . Fig. 19 Measured and predicted pressure profiles at 24 h and 48 h. Fig. 18 Moisture distribution along the height of the cylindrical specimen. (2) Concrete slab under high temperature Kalifa et al. (2001) measured pore pressure development inside HPC at high temperature. Two 120-mm thick HPC slabs were prepared for pore pressure measurements. The same experimental set-up (Fig. 12) as described in section 3.2 was adopted. The pore pressure was measured at five locations (10, 20, 30, 40 and 50 mm from heated face). The mix proportion of the concrete used in the experiment is given in Table 7 . Based on the formulation in Appendix I, the volumetric proportions of different components of hydrated concrete are shown in Fig. 20 .
The model parameters are summarized in Table 8 . Moisture distribution inside the HPC slab is determined as shown in Fig. 21 . Figure 22 compares predicted and measured pore pressure histories at 10, 20, 30, 40 and 50 mm away from the heated face of the HPC slab. The peak pore pressure in the HPC slab is predicted to be higher than that in the NSC slab (Fig. 15) , which agrees with the consensus that HPC is more prone to explosive spalling than NSC (Yermak et al. 2017; Lee et al. 2012; Kuroiwa et al. 2007) . Both the predicted and measured pore pressures increase at first at the five locations. When the peak values are reached, both predicted and measured pore pressures decrease with time. The predicted peak pore pressures match well with the measured peak pore pressures at 20, 30 and 40 mm. At 50 mm, the measured peak pore pressure is lower than the prediction possibly due to occurrence of micro-cracks around the pressure gage. Steel pressure gauge could be thermally incompatible with the surrounding concrete, and similarly for cement paste and aggregate. These incompatibility problems may induce micro-cracks in concrete. The predicted time corresponding to peak pore pressures is also in good agreement with the time corresponding to measured peak pore pressures. With increasing distance from the fire-exposed face, the time corresponding to peak pore pressure increases. The numerical model in general captures well the phenomenon of pore pressure development inside the HPC slabs under heating. Ozawa et al. (2012) used acoustic emission method to detect the time of explosive spalling of concrete. The heating test set-up is shown in Fig. 23 . A concrete panel with a thickness of 100 mm was subject to heating at the bottom face. The gas temperature at the heat-exposed face was increased at a rate of 20°C/min. A pressure gage was embedded in the panel at a depth of 8 mm from the heated face to measure internal pore pressure.
Prediction of explosive spalling
The mix proportion of the concrete used in the experiment is given in Table 9 . Based on the formulation in Appendix I, the volumetric proportions of different components of hydrated concrete are shown in Fig. 24 .
The model input parameters are summarized in Table  10 . The tensile strength of concrete is estimated to be 1/15 of its compressive strength. Moisture distribution inside the concrete panel is determined as shown in Fig. 25 . Fig. 20 Volumetric proportions of components of the HPC given in Table 7 . Table 9 Mix proportion of concrete by weight (Ozawa et al. 2012 Fig. 24 Volumetric proportions of components of the concrete given in Table 9 . Figure 26 gives the predicted concrete panel thickness as a function of heating time. The concrete panel thickness reduces as concrete spalls. The concrete panel thickness after spalling is calculated by subtracting spalling depth from concrete panel thickness before spalling occurs. The predicted spalling time and spalling depth of concrete panel are about 41 min. and 8.4 mm, respectively. The predicted pore pressure-induced tensile stress across the panel depth at the spalling time is plotted together with instantaneous tensile strength profile of concrete in Fig. 27 . In the heating test, explosive spalling of concrete occurred at about 43 minutes. The spalling depths of the concrete panel were uneven across the heated face. The minimum spalling depth was 0 mm and the maximum 12 mm. Fig. 28 shows the measured and predicted pore pressure histories at a depth of 8 mm from the heated face. Both the measured and predicted pore pressures increase slowly in the first 35 minutes, and after that, they increased rapidly to the maximum. At the time of explosive spalling, the measured and the predicted pore pressures began to decrease. The prediction of explosive spalling in general agrees well with the test results.
Discussion
Though the simplified model predicts moisture movement, pressure buildup and explosive spalling in concrete panels well qualitatively, there are some limitations. These limitations are summarized below. Future work can be done to improve these aspects.
(1) The model does not take into account the influence of thermal-gradient induced stress, external load and restraint. Thermal-gradient induced stress may induce deformation incompatibility between cement paste and aggregate due to shrinkage of cement paste and dilation of aggregate. The deformation incompatibility will induce micro-cracks in concrete, and increase permeability of concrete. If the microcracks initiate before reaching critical explosive spalling temperature, it tends to reduce the likelihood of explosive spalling. Similarly, if the external load and restraint induces cracks in concrete members before the critical temperature, the likelihood of explosive spalling will also be reduced. In view of these, the proposed model could be conservative. (2) Explosive spalling of concrete can be one-off or progressive. Progressive spalling of concrete involves dynamic, instantaneous change in heat transfer and moisture transfer boundary conditions. This phenomenon is very complex and difficult to model at this stage. Currently, the proposed model is not able to consider progressive spalling.
Conclusion
A simple one-dimensional thermo-hygral model is proposed in this study. The predictions of the thermo-hygral model are compared with five different sets of experimental data. The predictions are in relatively satisfactory agreement with the measured results. The proposed model predicts realistically the movement of moisture inside the heated concrete. Both the model and experiment show that moisture moves gradually from hot region to cold region as heating continues. The phenomenon of 'moisture clog' is also captured by the model.
The developed model predicts reasonably well the pore pressure buildup in concrete. For rapid uniform heating of one face of a concrete slab, both predicted and measured pore pressure initially increase to the peak value and then diminish gradually. The HPC is predicted to have a higher peak pore pressure than NSC due to lower permeability. This prediction is also in agreement with widely-accepted opinion that HPC is more susceptible to spalling than NSC.
The thermo-hygral model is also capable of predicting explosive spalling of concrete under fire, i.e., when and where explosive spalling would occur. This capability can be incorporated into fire resistance analysis of concrete members to get more realistic modelling.
The numerical model provides a cost-effective and time-saving method to assess explosive spalling risk under fire. It can also be used to tailor concrete mixes that are free from explosive spalling under fire. Current model is only applicable for prediction of the first-time explosive spalling. But explosive spalling of concrete under fire typically occurs in a progressive manner. There is a need to develop a model capable of predicting progressive explosive spalling of concrete under fire.
